The complete primary structure of Fel dI (International Union of Immunological Societies nomenclature), the major allergen produced by the domestic cat, Felis domesticus, was determined by protein sequence analysis and cDNA cloning. Protein sequencing of Fel dI from an immunoaffinity-purified extract of house dust revealed that the allergen is composed of two polypeptide chains. Degenerate oligonucleotides derived from the protein sequence were used in polymerase chain reaction amplification ofcat salivary gland cDNA to demonstrate that the two chains are encoded by different genes. Chain 1 of Fel dM shares amino acid homology with rabbit uteroglobin, while chain 2 is a glycoprotein with N-linked oligosaccharides.
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T-cell recognition is believed to play a pivotal role in the immunological response to allergens. Upon activation by an allergen, T cells secrete cytokines whose effects include both the activation of inflammatory cells and the supply of help to B cells for IgE production (23) . T-cell epitopes within a protein are, for the most part, defined by the primary sequence of short peptides derived from intact protein. It is this primary sequence that determines the nature of the interaction of a peptide with the T-cell receptor and HLA molecules (24) (25) (26) . Hence, the goal of the work presented in this manuscript was to define the primary structure ofFel dI. § Such knowledge should aid the study and treatment of the human allergic response to cats.
The house cat (Felis domesticus) is a significant source of proteins known to elicit the symptoms of allergic disease. These symptoms range in severity from the relatively minor discomforts of rhinitis and conjunctivitis to potentially lifethreatening asthmatic episodes. The frequency of cat allergy in the United States is on the order of 10o (1) . A substantially greater proportion (20-30%) of asthmatics respond with immediate hypersensitivity upon skin test challenge with cat allergens (2, 3) , and this hypersensitivity is a significant risk factor associated with the disease (4, 5) .
Although allergic patient serum reacts with a number of proteins found in cat pelt extracts (6, (7, (10) (11) (12) (13) . The clinical relevance of these findings has been reinforced by studies detecting Fel dI-specific IgE in the serum of at least 80%o of cat-allergic patients (6, 7, 10) .
Airborne levels of Fel dI found in houses with cats are often in excess of those required to provoke an asthmatic response in experimental aerosol bronchial challenge (14, 15) . In addition, cat-allergic patients administered partially purified Fel dI in immunotherapy regimens experienced significantly diminished bronchial reactivity upon antigen challenge relative to control patients (16, 17) .
Fel dI, found in the saliva, sebaceous glands, and pelts of cats (18) (19) (20) , has been purified via biochemical (12) and immunoaffinity techniques (13, 21) and characterized as an acidic glycoprotein with a molecular mass of approximately 38 kDa. Under reducing conditions the apparent molecular mass of Fel dI shifts to '18 kDa, implying a multimeric structure for the antigen (12, 22) .
MATERIALS AND METHODS
Immunoblot Analysis. Gel electrophoresis and electroblot transfer/immunodetection were performed as described (27) .
Biotinylated goat anti-rabbit immunoglobulin (Southern Biotechnology Associates, Birmingham, AL) or biotinylated goat anti-human IgE (Kirkegaard and Perry Laboratories, Gaithersburg, MD) was used as the second antibody, and 125I-labeled streptavidin (Amersham) was used as a reporter ligand for autoradiography at -800C with intensifying screen.
Histamine Release Analysis. Release of histamine from basophils was measured with a RIA kit (AMAC, Westbrook, ME) with a monoclonal antibody (mAb) specific for an acylated derivative of histamine (28) .
Protein Sequence Analysis. A 10% (wt/vol) aqueous extract of dust collected from a house with four pet cats was affinitypurified via a mAb anti-Fel dI column (21 Polymerase Chain Reaction (PCR). An MJ Research Programmable Thermal Controller was used in PCR amplification of cDNA with primers (Oligos Etc., Guilford, CT and Research Genetics, Huntsville, AL) and a GeneAmp kit (Perkin-Elmer/Cetus). Reactions proceeded for 30 cycles of 1 min at 940C, 1.5 min at 550C, and 1 min at 720C for exact primers or five cycles of 1 min at 94°C, 1.5 min at 45°C, and 1 min at 72°C, followed by 25 cycles of 1 min at 94°C, 1.5 min at 55°C, and 1 min at 72°C for degenerate primers. A 1/100th aliquot of an initial reaction was used in sequential rounds of PCR with nested primers.
DNA Subcloning and Sequencing. Standard protocols were used for recombinant DNA manipulations (35) . Amplified PCR products were digested with restriction enzymes, isolated from 2-3% agarose gels (NuSieve; FMC), and ligated into Bluescript (Stratagene) or phage M13mpl8/19 replicative form vectors. DNA sequence analysis (36) was performed with a Sequenase 2.0 kit (United States Biochemical). Asymmetrically amplified PCR products (37) were purified with Qiagen 5 tips (Diagen GmbH) prior to sequencing.
Sequence Homology Analysis. A sequence homology database search was performed with the PROSEARCH program (38) on an AMT 600 distributed array processor (Active Memory Technology, Reading, U.K.).
Glycosidase Treatment. Two milligrams of Fel dI were boiled for 2 min in 0.2% SDS, 5% (vol/vol) 2-mercaptoethanol, cooled to room temperature, and incubated with 6 units of peptide N-glycosidase F in 50 mM KH2PO4, pH 7.1/1% (wt/vol) octyl glucoside (Boehringer Mannheim) for 17 hr at 37°C.
RESULTS
An aliquot of immunoaffinity-purified house dust extract (21) was tested for human allergenic activities in vitro prior to protein sequence analysis. Immunoblot analysis of the immunoaffinity-purified protein was performed to assess its IgE-binding capacity. Native protein was subjected to isoelectrophoretic focusing in a pH gradient between 2.5 and 5.0, electroblotted onto nitrocellulose, and probed with the anti-Fel dI mAb 1G9 (21) or with serum from one cat-allergic patient and one nonallergic patient (as determined by skin test challenge with cat pelt extracts). The immunoreactivity of the cat-allergic patient's serum to the native purified protein was readily apparent in contrast to that of the nonallergic patient's serum (Fig. 1A) . In addition, the isoelectrophoretic mobilities of the molecules recognized by the cat-allergic patient's serum and the anti-Fel dI mAb were identical and approximate the previously reported pI for Fel dI of 3.85 (12) . Similarly, only the IgE from cat-allergic patient's serum possessed reactivity to the reduced and denatured purified proteins on the SDS/PAGE immunoblot (Fig. 1B) .
Blood cells collected from the allergic and nonallergic patients were incubated with various dilutions of the immunoaffinity-purified house dust extract, and the levels of histamine released from basophils were quantitated. Concentrations of purified protein as low as 100 ng/ml elicited a strong response from the cat-allergic patient's basophils, whereas 1000-fold higher levels of protein failed to mediate release of histamine from the nonallergic patient's basophils (Fig. 1C) . As a positive control, antibody-mediated crosslinking of surface-bound IgE on both patients' basophils provoked equivalent levels of histamine release.
The data from the above in vitro analyses strongly suggest that the major species in the purified extract, presumably Fel dl, is allergenic in nature. Moreover, these results are representative data from experiments involving 10 patients (data not shown).
A 2-mg aliquot of the immunoaffinity-purified protein was used for sequence determination. N-terminal sequence analysis of intact protein revealed a major amino acid sequence in conjunction with several minor ones. The major sequence ( Fig. 2A) , which corresponded to the published N-terminal 33 residues ofFel dI (21) with the exception oftwo residues, was termed chain 1. The most prevalent minor sequence (present at 55% of the major sequence level) was designated chain 2 ( Fig. 2B) . All of the remaining minor sequences could be accounted for as having arisen from N-terminal proteolytic deletions of chain 2. Summation of the sequence signals 
Ca 
indicated that chains 1 and 2 were present at equimolar ratios in the Fel dI preparation. Since residues 4 ofchain 1 and 7 ofchain 2 were determined to be proline, OPA (which modifies primary but not secondary amines, such as proline) blockage was used to perform isolated sequence analysis of each ofthe two chains of Fel dM. Applying OPA before the fourth cycle of Edman degradation blocked the N terminus of chain 2, allowing unambiguous sequence data to be obtained for chain 1. Similarly, to acquire chain 2 sequence, OPA was used prior to the seventh sequencing cycle to block chain 1 (note the arrows at proline residues in Fig. 2) . OPA blockage at these cycles, as well as at cycle 32 for chain 1 and cycle 37 for chain 2, permitted significant extension of the N-terminal protein sequence for chain 1 (68 amino acid residues) and chain 2 (58 amino acid residues).
Intact N-terminal protein sequence was confirmed and extended by sequence analysis of peptides derived from enzymatic and chemical digests ofthe purified Fel dI (Fig. 2) . After in situ CNBr digestion, one major peptide sequence, CB-1 and three minor peptides that were present at 601% (CB-2), 38% (CB-3), and 12% (CB4) of the signal level ofthe major peptide were identified. CB-1 was 25 amino acids in length, with an N terminus corresponding to residue 43 of chain 2, thereby extending the sequence of chain 2 to 68 residues.
Sequence from the tryptic peptide TRYP-1 and the endoprotease Asp-N-derived peptide D-10 overlapped and, when applied in conjunction with the CNBr peptides CB-1 and CB-2, extended the sequence of chain 2 to 83 residues (Fig. 2B) . Similarly, K-13, an endopeptidase Lys-Cgenerated peptide, was contiguous with residues 64-68 of chain 1 and possessed two additional residues; this indicated chain 1 is comprised of at least 70 amino acids ( Fig. 2A) (Fig. 2B ). In addition, sequence signal at residue 33 of chain 2 was not detected during intact or peptide-derived sequence analysis.
Partial cDNAs encoding portions of Fel dI chains 1 and 2 were obtained in three discrete PCR amplifications. Parotid and mandibular glands were used as a source of Fel dI mRNA, since cat saliva harbors high levels ofthe allergen (7). By using degenerate 5' sense and 3' antisense primer pairs (Fig. 3) based on contiguous amino acids of limited codon ambiguity (39) , internal portions of chains 1 and 2 were amplified from parotid/mandibular cDNA. DNA fragments of the predicted size were subcloned and sequenced (Fig. 4) . The deduced amino acid sequence of the clones confirmed the PCR products' authenticity as portions of the cDNAs for chains 1 and 2 of Fel dl.
The 5' and 3' portions of the chain 1 and chain 2 cDNAs were obtained by anchored PCR methods. Two consecutive rounds of PCR amplification were carried out with a nested pair of chain 1-or chain 2-specific 5' primers in conjunction with a 3' primer (ED primer, Fig. 3 ) encoding a tag sequence covalently linked 3' to the oligo(dT) primer (EDT primer, Fig.  3 ) used in first-strand cDNA synthesis (40) . These cDNA fragments encompassed the 3' ends of chains 1 and 2, including stop codons, 3' untranslated sequences, polyadenylylation signals, and poly(A) tracts (Fig. 4) .
Similarly, the 5' regions of the cDNAs were isolated after ligating an "anchor" template (41) 1  5  10  15  20 25 30 cific 3' primers. Two different 5' partial cDNAs were identified for chain 1 (leaders A and B in Fig. 4A ) in contrast to a single one for chain 2 (Fig. 4B) . Each of the three 5' partial cDNAs had open reading frames with presumptive methionine initiator codons (43) .
Contiguous chain 1 and chain 2 Fel dI cDNAs were generated by amplifying parotid/mandibular cDNA with 5' and 3' noncoding primer pairs. These PCR products were reamplified asymmetrically (38) to generate single-stranded template for sequence analysis; direct sequencing ofthe PCR products confirmed the sequence for chains 1 and 2 obtained from the partial cDNAs. A search of a protein sequence data base for sequence homology with chains 1 and 2 of Fel dI revealed homology between the rabbit uteroglobin precursor (44) and the "fulllength" leader A-chain 1 protein (Fig. 5) . The observed homology (25 identities and 25 conservative substitutions with two gaps in 93 residues) is such that the probability of two random polypeptides of this size sharing this degree of similarity is less than 1 in 104 (38) . Homology of a similar extent was found between chain 1 and a 10-kDa protein secreted from human lung Clara cells (45) . No proteins with significant homology to chain 2 were identified.
Protein sequence analysis of Fel dI could not identify the amino acid at position 33 of chain 2. The presence of a consensus sequence for N-linked glycosylation (N-A-T at positions [33] [34] [35] in Fel dI chain 2 cDNA suggested glycosylation was responsible for the lack of sequence signal at residue 33. To determine whether chain 2 is modified by N-linked glycosylation, Fel dI was treated with peptide N-glycosidase F and analyzed on SDS/PAGE and Western immunoblots with chain 1-or chain 2-specific anti-peptide antisera (Fig. 1B) . The electrophoretic mobility of chain 2 increased upon digestion with N-glycosidase, while that of chain 1 remained unaffected. This observation and the lack of a consensus sequence for N-linked glycosylation in chain 1 suggest that solely chain 2 of Fel dl is modified by N-linked oligosaccharides.
DISCUSSION
By use of novel techniques, such as OPA blockage and in situ acetylation/CNBr cleavage, the greater part of the protein sequence of Fel dI, the major allergen of the domestic cat, was determined. cDNA cloning was then utilized to complete the primary structure analysis of the allergen.
The deduced amino acid sequence of the chain 1 cDNA is in complete agreement with the protein sequence obtained from immunoaffinity-purified Fel dI. cDNA cloning of chain 2 of Fel dI served to link various peptide-derived sequences and reveal an additional nine C-terminal amino acids. However, the sequence and spacing polymorphism detected by protein sequencing in the vicinity of residues 65-73 was not observed in the chain 2 cDNA.
Analysis of the chain 2 cDNA sequence disclosed that residue 33, which could not be resolved by protein sequence analysis, is asparagine. This led to the prediction that chain 2 of Fel dl is a glycoprotein with N-linked oligosaccharides, which was corroborated by an observed increase in the electrophoretic mobility of chain 2 of Fel dl after digestion with Peptide N-glycosidase F. This result is in agreement with a previous report that one of the chains of Fel dI is modified by N-linked oligosaccharides (22) .
The isolation of two distinct cDNAs for chains 1 and 2 demonstrates that Fel dM is comprised of polypeptides encoded by different genes. Both cDNAs encode N termini with short stretches of hydrophobic residues, which most likely represent the precursor forms of the individual chains of Fel dI, whereas the N termini determined by protein sequence analysis are probably representative of the mature forms of chains 1 and 2. The two different leaders in the chain 1 cDNAs can be accounted for by alternative splicing of the nascent chain 1 mRNA transcript (unpublished data).
The sequence homology of Fel dl chain 1 with rabbit uteroglobin and the human Clara cell 10-kDa secretory protein is intriguing but inconclusive in establishing a homology of function. All three proteins are synthesized with hydrophobic leader peptides and secreted as mature proteins =70 amino acids long. Uteroglobin has been crystallized and shown to exist as a homodimer of antiparallel chains linked by disulfide bonds (46) . The 10-kDa secreted protein from human Clara cells is also a disulfide-linked homodimer (45) . The tertiary structure of Fel dI appears to be more complex (22) , as preliminary analysis indicates chains 1 and 2 are linked by intermolecular disulfide bonds in an antiparallel topology (data not shown).
Uteroglobin is believed to protect the wet epithelia by acting as an immunomodulatory protein, for example, limiting the maternal immune response against the embryo during implantation (47) . Uteroglobin possesses both steroid binding (48) and phopholipase A2 inhibitory (49) activities. The latter activity is shared with lipocortins (50) and mediates an antiinflammatory effect by preventing the formation of arachidonic acid metabolites from membrane phospholipids. Since Fel dl has no known biological function it is interesting to speculate why cat skin epithelia is ubiquitously coated with the protein [either from synthesis in situ (20) The complete primary structure of Fel dl presented in this manuscript should facilitate the mapping of its B-and T-cell epitopes and thereby help to elucidate the mechanism of the human immune response to this clinically important allergen. Ultimately, the knowledge gained from such studies may lead to more effective disease management for cat-allergic patients.
